Abstract The mouse-human chimeric anti-epidermal growth factor receptor vIII (EGFRvIII) antibody C12 is a promising candidate for the diagnosis of hepatocellular carcinoma (HCC). In this study, 3 processes were successfully developed to produce C12 by cultivation of recombinant Chinese hamster ovary (CHO-DG44) cells in serum-free medium. The effect of inoculum density was evaluated in batch cultures of shaker flasks to obtain the optimal inoculum density of 5 9 10 5 cells/mL. Then, the basic metabolic characteristics of CHO-C12 cells were studied in stirred bioreactor batch cultures. The results showed that the limiting concentrations of glucose and glutamine were 6 and 1 mM, respectively. The culture process consumed significant amounts of aspartate, glutamate, asparagine, serine, isoleucine, leucine, and lysine. Aspartate, glutamate, asparagine, and serine were particularly exhausted in the early growth stage, thus limiting cell growth and antibody synthesis. Based on these findings, fedbatch and perfusion processes in the bioreactor were successfully developed with a balanced amino acid feed strategy. Fed-batch and especially perfusion culture effectively maintained high cell viability to prolong the culture process. Furthermore, perfusion cultures maximized the efficiency of nutrient utilization; the mean yield coefficient of antibody to consumed glucose was 44.72 mg/g and the mean yield coefficient of glutamine to antibody was 721.40 mg/g. Finally, in small-scale bioreactor culture, the highest total amount of C12 antibody (1,854 mg) was realized in perfusion cultures. Therefore, perfusion culture appears to be the optimal process for small-scale production of C12 antibody by rCHO-C12 cells.
Introduction
Hepatocellular carcinoma (HCC), one of the most malignant diseases known to man, is the fifth most common solid tumor worldwide, and the fourth leading cause of cancer-related death (Thomas and Zhu 2005) . It is especially prevalent in China, Korea, and sub-Saharan Africa, and increases by an estimated 0.5-1 million new cases per year (Parkin et al. 1984; Serag et al. 2001) . Among the many methods to treat HCC, such as surgery, chemotherapy, intervention therapy, and liver transplantation, liver transplantation is considered the treatment with the best chances for a cure. Nonetheless, there is still a certain level of recurrence after transplantation (Yoo et al. 2003) , and some research suggests that the survival rate of patients was not significantly improved (Zhu 2006) . Therefore, innovative treatment approaches are urgently needed.
Recently, the epidermal growth factor receptor (EGFR) has emerged as a promising cancer therapy target (Gainet et al. 2003; Ciardiello and Tortora 2001) . Abnormal, enhanced, or constitutive expression of EGFR, which was closely related to cell growth and survival, was found in a variety of tumors (Ciardiello and Tortora 2001) . Generally, many naturally occurring EGFR gene mutations exist in tumor cells and normal tissues; EGFRvIII is the most commonly described mutation and produces a ligand-independent constitutively active variant. Surprisingly, this variant is not present in normal tissues but has been detected in multiple human malignancies such as glioma, nonsmall cell lung carcinoma, breast cancer, head and neck cancer, and ovarian carcinoma (Okamoto et al. 2003; Moscatello et al. 1995; Sok et al. 2006; Zeineldin et al. 2006) . The level of EGFRvIII expression was closely correlated with increased tumorigenicity in mouse models (Nishikawa et al. 1994; Ramnarain et al. 2006) and poor prognosis of brain cancer in clinical settings (Diedrich et al. 1995; Liu et al. 2005) . In addition, the EGFRvIII mutation has been detected in HCC tissue samples (Ou et al. 2005 ) and found to play a vital role in tumorigenicity and enhanced resistance to 5-Fluorouracil (5-FU) treatment of HCC (Wang et al. 2009 ). Therefore, in our previous work, we successfully developed and produced the chimeric anti-EGFRvIII antibody C12 from CHO-DG44 cells. This antibody binds to the same sites, possesses similar affinity to ligand as the monoclonal antibody 12H23, and effectively reduces the human anti-mouse antibody response (HAMA) (Wang 2009 ). Thus, there is an increasing demand for purified C12 antibody in large amounts for use in pre-clinical or clinical studies or in studies on its biological character. However, there is currently no ideal bioprocess for the production of C12 antibody here or abroad.
The dihydrofolate reductase-deficient CHO cell line DG44 is the major mammalian host for recombinant protein production, mainly because of its well-characterized genetic selection and amplification system (Derouazi et al. 2006 ). There are 18 therapeutic antibodies currently licensed for use, of which 10 are produced in CHO and the other 8 are produced in murine lymphoid cells (including NS0 and Sp2/0-Ag 14) (John et al. 2006) . Three main culture processes, that is, batch culture, fed-batch culture, and perfusion culture have been developed for the production of cell-culture-based recombinant proteins or antibody production with CHO-DG44 cells. Each of these processes have their individual advantages. For example, the major advantage of fed-batch culture is its relatively high concentration of its final product. The final recombinant protein concentration in fed-batch processes is generally determined by the viable cell density, viable cell culture time, and specific rate of production of the recombinant protein. Therefore, fed-batch processes have been developed to maximize these parameters by optimizing different aspects such as culture medium and environmental parameters (Bibila and Robinson 1995) . The viable cell density and time span of viable cell culture have been prolonged by adding limiting nutrients, e.g., glucose, amino acids, and minerals (Bibila et al. 1994; Xie and Wang 1996; DeZengotita 2000) . The major advantages of perfusion culture are that it can avoid nutrient limitation, reduce growth inhibitory metabolites, and lower activities of protease and glycosidase in the culture media, which is expected to be beneficial for high-density culture (Yang et al. 2000; Konstantinov et al. 1996) . In addition, perfusion culture is beneficial for the purity and quality of the product, especially those bio-products that are sensitive to protease and glycosidase (Rastilho et al. 2002; Ryll et al. 2000) . However, the perfusion process has a limited scale-up capability when compared with the fed-batch process, which has scale-up potential to typical bioreactor sizes of 20 m 3 or more (Meuwly et al. 2006; John et al. 2006) . In this work, we evaluated batch, fed-batch, and perfusion operations to optimize the process for rapid production of anti-EGFRvIII C12 antibody from recombinant CHO cells cultivated in serumfree medium for pre-clinical and early stage clinical trials.
Materials and methods

Cell line and culture medium
The recombinant CHO-C12 cell lines were established by transfecting the chimeric anti-EGFRvIII C12 antibody expression vector into CHO-DG44 cells, as described in our previous work (Wang 2009 ). Stable recombinant cells were selected in Dulbecco's Modified Eagle Medium (DMEM), containing 7% fetal bovine serum (FBS) and 400 nM methotrexate (MTX) and adapted to suspension culture in shaker flasks. Cloned cells were cultivated in basic medium (serum-free EX-CELL 302 (Sigma, USA) with 4 mM glutamine (Gln), feeding medium A (basic medium with 2 g/L glucose), or feeding medium B (basic medium with 2 g/L glucose, 2 mM Asp, 6 mM Glu, 10 mM Asn, 8 mM Ser, 5 mM Ile, 6 mM Leu, and 8 mM Lys).
Cell cultivation in shake flasks
Parallel shake flask cultures (in triplicate) were performed using 120-mL shake flasks with a 30-mL working volume to determine the influence of the inoculum density on cell growth and metabolism. The shake flask cultures were carried out at 37°C in a humidified incubator containing 5% CO 2 with an agitation speed of 120 r/min.
Parallel batch cultures in bioreactor
Parallel batch cultures (in triplicate) were performed using 5-L stirred bioreactors (Model: FUS-5 L (A), NCBIO, China) with a 2-L working volume. The temperature was maintained at 37°C, and the stirring speed was set to 50-70 r/min. The dissolved oxygen (DO) tension was maintained at 40% of air saturation using a 4-way-gas control system with a gas mixture of nitrogen, air, CO 2 , and pure oxygen.
Fed-batch bioreactor operation
Fed-batch cultures were carried out in 5-L bioreactors with a 4-L working volume. The initial culture volume was 2 L, unless otherwise noted. The culture set points were DO of 40% air saturation, pH of 6.8-7.0, temperature of 37°C, and stirred speed of 50 r/min, which was adjusted to 70 r/min when the cell density reached 2 9 10 6 cells/mL. Feeding medium B was gradually fed into the serum-free basal medium. Samples of 5 mL were taken with a syringe for off-line analysis once or twice daily.
Perfusion wave-bioreactor operation Perfusion cultures were conducted in a 2-L cell bag of a wave-bioreactor (SYSTEM20/50, GE) with a 1-L working volume. The initial inoculum density was 3 9 10 5 cells/mL, and the feed medium was continuously fed into the basal medium. The CO 2 content was controlled at 5%, DO was maintained at 40% of air saturation, the rotation speed and angle were initially set to 15-25 r/min and 6°, respectively. The shot was set to 50 mL at the start of the perfusion culture. In the continuous process, the initial dilution rate was imposed at 0.083 h -1 . To maintain the substrate concentrations well above non-limiting levels, the dilution rate was increased up to 0.042 h -1 , depending on the substrate consumption observed (see below for substrate quantification).
Analytical methods
Viable cells were determined by observation using a hemocytometer with trypan blue exclusion dye. Concentrations of glucose, lactate and ammonia were analyzed using commercially available kits (glucose and lactate; Nan Jing Jiancheng Bio-engineering Institute, China, and ammonia; Shanghai Jiemen Biotechnology Corporation, China). Osmolality was measured with the Fully Automated Freezing Point Osmolality Measuring Instrument (FM-8P, Shanghai Medical Instrument Factory, China).
The concentrations of free amino acids were analyzed with an automatic reverse phase HPLC system (HP1110, Aligent) with pre-column derivatization by the OPA (o-phthaldialdehyde) method. Quantification of proline was performed through double derivatization of the sample with OPA and FMOC (9-fluorenylmethyl chloroformate).
The chimeric anti-EGFRvIII C12 antibody concentrations in the supernatants were estimated by sandwich ELISA. Briefly, polyvinyl chloride 96-well microtiter plates were coated with 1 lg/mL goat antihuman F(ab 0 )2 (Chemicon, USA). After washing with 0.05% Tween 20 and 3% BSA Tris buffer, a standard Cytotechnology (2011) 63:247-258 249 curve was generated using serial dilutions of purified chimeric anti-EGFRvIII C12 antibody and a dilution series of culture supernatants was loaded into the microtiter plates. After incubation and a subsequent wash, the bound chimeric anti-EGFRvIII C12 antibody was recognized by HRP-conjugated goat antihuman IgG Fc (Chemicon, USA) and detected by ABTS (Sigma). After the substrate reaction was completed, the absorbance was read at a wavelength of 405 nm.
Parameter calculation
The following equations were used to calculate the specific growth rate:
(where t is culture time, C t is the viable cell density (cells/mL) at time t, C 0 is the viable cell density (cells/mL) of the initial inoculum) The specific glucose or Gln consumption rate:
The specific lactate or ammonia production rate:
Yield coefficient of lactate production to glucose consumption:
Yield coefficient of CHO cells to substrate consumption:
(where C is the viable cell density (910 5 cells/mL), S is the glucose or Gln concentration (mM), P is the lactate or ammonia concentration (mM), t is time).
Considering the natural degradation of Gln, the concentration of its consumption, dS = dS apparent -K t , (where dS apparent is the apparent metabolic concentration, K is the natural degradation of the constant value for the 0.0048 mmol
, t is culture time.)
Mass balance in continuous perfusion culture:
Here, X, S, and P are concentrations of cells (910 5 per mL), substrate (mM) and product (mg/L) concentrations in the bioreactor, respectively. V is the culture volume (L). F is the flow rate (L/d). X F , S F , and P F are the concentrations of cells (910 5 per mL), substrate (mM) and product (mg/L) added to the medium, respectively. There are no cells or product in the feed medium, so X F = 0, P F = 0. Qp is the specific rate of C12 production.
Statistical analysis
Data are presented as mean (x À ) and standard deviation, and SPSS 10.0 software was employed for ANOVA test, the data was accepted when p B 0.05.
Results
Influences of inoculum cell density on CHO-C12 cell growth
To determine an optimal inoculum cell concentration, parallel batch cultures (in triplicate, p \ 0.05) were performed in shake flasks at the following cell inoculum concentrations 2 9 10 5 cells/mL, 5 9 10 5 cells/mL, 8 9 10 5 cells/mL, and 10 9 10 5 cells/mL. The maximum viable cell concentration in each of the original inocula was approximately 6 9 10 6 cells/ mL, but the lag period was much longer when the cells were inoculated at 2 9 10 5 cells/mL (Fig. 1a) . It was observed that glucose and Gln were exhausted quickly (Fig. 1c, d ) when the inoculum concentration was higher than 8 9 10 5 cells/mL, while metabolites such as Ala and lactate that accumulated in a short period of time, were harmful to the maintenance of the cell cultures. However, there was no significant difference in ammonium amounts when the cell density of the inoculum increased (Fig. 1b) . Cells grew relatively faster, but nutrients were not quickly exhausted at inoculum concentrations of 5 9 10 5 cells/mL. Based on these observations, an inoculum cell density of 5 9 10 5 cells/mL was employed for subsequent investigations.
Development of the batch culture process in a 5-L stirred bioreactor Based on the shaker-flask batch process results, parallel batch cultures in bioreactors were inoculated at 5 9 10 5 cells/mL (in triplicate, p \ 0.05). The number of viable cells increased gradually and reached the maximal value of 4 9 10 6 cells/mL at 108 h, but then immediately declined, and viability dropped to approximately 80% after 120 h (Fig. 2a) . The maximal concentration of C12 antibody was 190 mg/L in a 5-L bioreactor. The concentration of glucose declined from 18 to 6 mM and the Gln concentration declined from 4 to 1 mM within the first 84 h (Fig. 2b, c) . The cell viability began to decrease after 84 h, mainly due to the deficiency of glucose and Gln in the medium. At the same time, lactate was produced, and it reached a maximal value of 18 mM at 96 h. Then, the specific lactate production rate (q lac ) values fell below zero, indicating that lactate started to be consumed. This was accompanied by a slow rise in pH from 6.78 to 7.1. Furthermore, it was observed that Ala was also consumed at 132 h during the late cultivation stage (Fig. 2c ). This phenomenon also occurred when a high inoculum of cells was cultured in shake flasks (Fig. 1c) . Figure 2c also shows that the osmolality for cells varied between 358 and 374 mOsm/kg when they were cultured in EX302 medium. Ammonia concentration increased during cell culture, reaching 3.6 mM at the end of the cultivation period.
An amino acid analysis of the culture supernatants was carried out. As shown in Fig. 2 c and d , Glu, Asp, Asn, Ser, Ile, Leu and Lys were significantly consumed throughout the 144-h culture period. Glu, Asp, Asn, and Ser were exhausted at early stages of culture, while Ile, Leu, and Lys were consumed to 85, 76, and 56% of their initial values, respectively, by the end of culture. In contrast, Gly and Ala were produced during the culture period. The concentrations of the other amino acids had no apparent tendency in variation; their values fluctuated significantly during the culture period, but maintained an almost balanced state (data not shown). Therefore, Glu, Asp, Asn, and Ser were postulated to be limiting factors for cell growth.
Performance of the balanced amino acid fed-batch process Based on the conclusion achieved from parallel batch cultures, the concentrations of residual glucose and Gln should be maintained above 6 and 1 mM, respectively. To test the hypotheses that these 7 amino acids Asp, Glu, Asn, Ser, Ile, Leu, Lys are limiting factors for cell growth, balanced amino acid feed experiments were employed. Replicate parallel fedbatch cultures were carried out using both the existing feed medium with an imbalanced amino acid content (strategy A) and a new feed medium with a balanced amino acid component that was reformulated on the basis of cell-specific amino acid requirements (strategy B). In strategy B, Asp, Glu, Asn, Ser were increased by 4-10 times, and Ile, Leu, and Lys were increased by 2-4 times the original concentration in the feeding medium to maintain adequate amino acids throughout the duration of the culture according to their specific rate of consumption. The analysis of amino acids indicated that Gly and Ala were both produced in strategy A and B. The concentrations of the 7 consumed amino acids were greater than 50-100% of that in strategy A at 270 h (Fig. 3a, b) , while the concentrations of other amino acids such as Thr, Tyr, Val, Met, and Arg etc. fluctuated around initial values (data not shown). Thus, the balanced amino acid feeding used in strategy B enhanced the maximum viable cell number and C12 antibody concentration by 14.6 and 10.6%, respectively, compared with the imbalanced amino acid feeding strategy A throughout the culture (Fig. 3c, d ). Up to 250 h, the concentrations of glucose and Gln were maintained above 6 mM and around 0.2 mM, respectively, and accompanied by the continuous accumulation of lactate in both fed-batch strategies. The use of lactate started when glucose was consumed to a limiting concentration of 6 mM (Fig. 3e, f) . Simultaneously, the concentration of net Ala declined slightly in the late culture stage in strategy B but not A (Fig. 3g, h) . However, the balanced amino acid feeding had no effect on the average Cytotechnology (2011) 63:247-258 253 specific glucose consumption rate (q Gluc ) or lactate accumulation (q Lac ), but improved the specific Ab production rate (Q P ) ( Table 1 ). These results imply that the balanced amino acid feeding strategy can enhance the level of C12 by increasing the viable cell number and average specific C12 production rate. The concentration of ammonia accumulated during the whole culture process reaching 5 mM in both strategies.
Development of a perfusion process in a wavebioreactor CHO-C12 cells were cultured in a 2-L wave bioreactor with a working volume of 1 L. The culture was transferred to continuous mode after a cell density of 1 9 10 6 cells/mL was reached and concentrations of glucose and Gln were maintained above limiting concentrations (6 mM for glucose and 1 mM for Gln). The maximum cell density of 1.98 9 10 7 cells/ mL was reached with this strategy (Fig. 4) . As shown in Figs. 5 and 6, glucose and Gln were maintained above limiting concentrations until the late cultivation stage ([384 h) so as to meet the energy demand of cell growth in the culture. The cell viability remained above 85% throughout the entire culture process, and the maximum concentration of metabolic by-products (lactate and ammonia) were about 15 and 3.5 mM, respectively, which were less than those in the fed-batch culture processes. The maximum concentration of C12 antibody was 289 mg/L (Fig. 4) in the wave bioreactor. The harvested cultivation supernatant was 12 times the volume of the initial culture volume, but the average concentration of C12 antibody in the supernatant was only 130 mg/L in the perfusion culture. This may be due to the continuous supplementation and outflow of medium, which was much lower than that in the batch culture (190 mg/L) and balanced amino acid fedbatch culture (282 mg/L).
Discussion
Three culture processes were evaluated for C12 antibody production by CHO-C12 cells in this work to gain understanding of suspension culture performance of these cells and the roles of the main nutrients in this complex system. In batch cultures of shaker flasks, we found that there was no significant difference in ammonium production when the cell density of the inoculum increased. That may have been caused by Gln and glutamate metabolism, as higher inocula will result in a corresponding q Gluc specific glucose consumption rate, q Lac specific lactate production rate, Q P specific C12 production rate increased rate of Gln consumption. However, glutamine, an essential amino acid, can be synthesized by glutamine synthetase (GS) from glutamate combined with ammonia (Sun and Zhang 2001) . In stirred bioreactor batch cultures, we observed that the concentration of the residual glucose and glutamine should be maintained above 6 and 1 mM, respectively. More importantly, 7 amino acids including glutamate, aspartate, asparagine, serine, isoleucine, leucine and lysine were effectively restricted nutrients, and the maximum levels of accumulated metabolic by-products like ammonia and lactate were 3.5 and 18 mmol/L, respectively. Generally, cells suffer from toxicity only when the concentration of ammonia reaches 4.5-5.5 mM in the medium (Dai and Liu 2002) . Other researchers have reported that the addition of 5 mM ammonium to the medium prior to inoculation did not significantly inhibit the CHO cell growth rate (Chen and Harcum 2005) . Ozturk found that lactate itself inhibited cell growth only when the concentration of lactate exceeded 40 mM, however cell growth inhibition arised when the concentration fell below 40 mM, largely due to fluctuations of osmolality in the environment (Ozturk and Palsson 1992) . In the culture period, the osmolality for cells varied between 358 and 374 mOsm/kg when they were cultured in EX302 medium. Other researchers have also reported that the majority of mammalian cells show a great tolerance to changes in osmolality, and that only osmolality in excess of 400 mOsm/kg would significantly impact cell growth (Ljunggren and Haggstrom 1990; Banik 1996) , suggesting that the osmolality seen in these cultures would not influence cell growth.
Altogether, these results suggest that factors that may influence cell growth and C12 production are pH, osmolality, DO, and the metabolic by-products (lactate and ammonium). All factors varied in the range of cell tolerance levels during the culture as reported, but cellular energy substrates (including glucose and Gln) and the 7 amino acids consumed to low levels, may be major contributors to the restriction in cell growth and C12 productivity observed in the late culture period. The reduced availability of cellular energy caused by the decrease in q Gluc, led to the decrease in Q p . Thus, the decline in viable cell density and Q p might be partially prevented by increasing residual glucose and Gln concentrations to above 6 and 1 mM, respectively, and by increasing the 7 easily consumed amino acids in the basic medium. This conclusion plays a fundamental role for the balanced fed-batch and continuous perfusion bioprocesses performed in the following experiments. An improved understanding of CHO-C12 cell metabolism through analysis of the role of the main nutrients in this complex system may contribute to optimization of C12 production. Also in the batch culture, the specific lactate production rate (q lac ) values fell below zero, indicating that lactate started to be consumed after 96 h of culture, while alanine began to be consumed after 132 h of culture. This suggests that the decrease in glucose limited the availability of pyruvate from the glycolytic pathway that in turn, led to the simultaneous consumption of lactate and alanine to produce pyruvate. In addition, a decrease in the specific C12 production rate (Q p ) occurred after a decrease of the yield coefficient of lactate production to glucose consumption (Y lac/Gluc ). The Q p was greatest at 60-84 h, but when the substrates continued to decrease after reaching limiting levels, the Q p would also begin to decrease. Therefore, glucose and Gln should be maintained at low concentrations but carefully monitored to ensure that they are not consumed below limitation levels. Kuwae and Ohda (2005) also reported a similar phenomenon, that is, cell metabolism shifted from net lactate production to lactate consumption in late cultivation phases.
In fed-batch culture mode, the glucose and Gln in the culture medium were both consumed to limiting concentrations at later time points in culture in both strategies A and B. The restriction imposed by the volume of the bioreactor was the limiting factor for fed-batch culture because the cells were ultimately restricted by energy availability. Gln and glucose can complement each other as an important energy source for cells. Gln cannot be completely digested but is maintained at around 0.2 mM. The reason is that Gln is one of the essential amino acids for cell growth; as Gln is metabolized, it can be synthesized by the reaction of glutamate and ammonia under the catalysis of glutamine synthetase to maintain cell basic metabolism. When there is sufficient Gln in the medium, Gln metabolism proceeds mainly through the a-ketoglutarate and alanine pathway. When Gln is restricted, Gln metabolism begins to switch to generate a-ketoglutaric acid and the ammonia pathway, since the ammonia pathway produces more ATP, thereby alleviating the decline in energy substrates (Kuwae and Ohda 2005; Paredes et al. 1998) . The co-consumption of lactate and Ala after 250 h of cultivation suggests that the decrease in residual glucose concentration caused a limited availability of pyruvate from the glycolytic pathway and then led to the simultaneous consumption of lactate and Ala. Lactate and Ala can be metabolized via pyruvate as a source of energy to yield ATP. Hence, the metabolic shift from net lactate production to its consumption was presumably caused by the decrease in residual glucose concentration.
This phenomenon that net Ala declined at the late culture stage was not observed in strategy A because the viable cell density in strategy B was higher than that in strategy A, therefore the cells in strategy B required more energy at the late culture stage, resulting in Ala consumption after 250 h. As seen in Fig. 1c , this conclusion could be verified, because at inoculum densities C8 9 10 5 cells/mL, Ala was consumed at the late culture stage, while at inoculum densities B5 9 10 5 cells/mL, Ala was not consumed. Furthermore, the slow accumulation of Ala after 250 h implied that Ala production and consumption had attained a balanced state.
Continuous perfusion culture has the potential to become increasingly important for industrial cell culture technology (Kuwae and Ohda 2005; Chu and Robinson 2001) . Perfusion culture using a feeding strategy can avoid nutrient limitations and maintain a very high cell concentration. In our culture, a cell density of 1.98 9 10 7 cells/mL was achieved, greater than threefold increase compared to the fed-batch culture, with a cell viability [85% through the whole culture process. As shown in Figs. 4 , 5, and 6, we also found that viable cell density, C12 Ab, glucose, Gln, lactate, and ammonia concentrations fluctuated around some constant value from 192 to 360 h, indicating that the perfusion culture had adapted to a steady state optimal for cell and product stability. Tables 2 and 3 (1,854 mg) was produced in perfusion culture; however, the maximum C12 Ab concentration of 282 mg/ L was reached in the balanced amino acid fed-batch bioprocess. In general, as shown in Table 3 , lactate and ammonia were not strongly produced by the cells, except in the fed-batch mode. The low levels of lactate and ammonia could contribute to the extension of culture duration. Moreover, it was observed that the concentrations of the metabolic by-product lactic acid was the lowest in the perfusion culture among the culture processes assayed. Altogether, we conclude that the perfusion culture bioprocess is beneficial to high-density cell culture, maintains the duration of viable culture, is effective in avoiding nutrient limitations and in reducing the concentration of inhibitory metabolites, but the concentration of harvested C12 antibody is lower than that in batch and fed-batch cultures. Besides, perfusion culture had the maximum utilization of nutrients and the highest mean yield coefficients of antibody produced per unit of glucose or Gln. In addition, the potential profit for mini-scale culture was the ability to harvest more total C12 Ab from this system as compared with other processes, indicating that perfusion culture bioprocess was the optimum bioprocess for small-scale antibody C12 production by rCHO-C12 cells. 
